Abstract: An investigation on the flexural behaviour of reinforced high performance concrete (HPC) has been conducted. Crushed sandstone known as reactive aggregate was used for both fine and coarse aggregates. In addition, mineral admixtures such as silica fume and fly ash combined with superplasticiser was used. The beams were made with concrete having compressive strength in the range of 74 -88 N/mm 2 and tensile reinforcement in the range of 1.34 to 3.14 %. The experimental ultimate moment was found to be about 14 -34 % and 3 -15 % higher than the predicted ultimate moment based on BS 8110 and ACI 318 respectively. Due to lower stiffness of reactive sandstone aggregates, the actual deflections of the beams were found to be slightly above allowable values under service loads. The observed crack widths under service loads were within acceptable limits. It was found that HPC made with crushed sandstone coarse and fine aggregate had better structural integrity. Hence, there is a high potential to produce high strength HPC using sandstone aggregates with silica fume and fly ash.
INTRODUCTION
Although HPC has found widespread structural application, its production is still limited in many countries due to shortage of quality materials. As sources of quality concrete aggregate become depleted, the use of more marginal aggregates results in an increased use of reactive aggregates in concrete. At present, more than 54 % of the local construction in Sabah, Malaysia uses sandstone as coarse aggregate for normal strength concrete. It is known that the certain reactive silica present in the sandstone reacts with the alkalis from cement paste and external sources [1] . This causes serviceability problem in concrete structures. Many local concrete structures have deteriorated due to reaction caused by sandstone aggregate, even at early ages.
Normally, the coarse aggregate used in HPC should be hard, dense, non-reactive and durable. However, the sandstone aggregates are porous and reactive [2] . It was reported by Baalbaki et al., [3] that the concrete made with soft aggregates like sandstone with relatively low modulus of elasticity exhibited low modulus of elasticity and high compressive strength. According to Neville[4] , the aggregate with low modulus of elasticity would be more beneficial with respect to HPC. It is widely accepted that incorporation of mineral admixtures in concrete enhances the engineering properties particularly in areas where high quality aggregates are not available [5, 6] .
Collins et al., [7] have reported that the porous aggregates such as sandstone are less susceptible for reaction. In general, HPC is designed with very low water-binder ratio. At low water-binder ratio, the effect of self-desiccation may *Address correspondence to this author at the Civil Engineering Program, School of Engineering and Information Technology, Universiti Malaysia Sabah, 88999 Kota Kinabalu, Malaysia; Tel: +6-088-320 000 (ext) 3100; Fax: +6-088-320348; E-mails: drpsuresh@hotmail.com, mannan@ums.edu.my reduce the moisture content to a level and minimise the aggregate expansion [8] . HPC typically contains significant amount of supplementary cementing materials that may reduce the alkalis in concrete pore solution. The aggregate reaction is delayed or minimized by lowering the alkalis in the concrete pore solution [9, 10] . Since fine and coarse aggregates together constitute the major volume in concrete, it is important to ensure that both sources are of similar quality [11] . It was shown that up to 40 % of river sand could be replaced effectively by crushed sandstone sand without compromising quality of HPC [12] .
Most of the studies on flexural behaviour of high strength and high performance concrete beams [13] [14] [15] [16] are made with non-reactive aggregate. Only few studies are available on flexural behaviour of beams using reactive aggregates. Swamy et al., [17] reported that the reduction of ultimate strength in a single reinforced beam amounted to about 25 % and 15 % for highly reactive aggregate and moderately reactive aggregate respectively. On the contradictory, it was shown by Fan and Hanson [18] that expansion and cracking caused by aggregate reaction did not reduce the flexural loading capacity of the beams. At the same time both studies reported that the mechanical properties such as compressive strength, modulus of rupture and elastic modulus of concrete reduced over a time. Alkali-aggregate reaction is a timedependent mechanism. At early ages the reactivity of sandstone aggregates are not recognised. This must be confirmed by investigation. However, this paper reports the results of an experimental investigation on flexural behaviour of high performance reinforced concrete (HPRC) beams made with reactive sandstone coarse and fine aggregates.
MATERIALS
Locally manufactured cement (Type I, ASTM) and commercially available powdered Silica fume (W.R.Grace brand) were used as binder. Sandstone coarse aggregate with 19 mm maximum size and river sand replaced with 40 % crushed sandstone sand as fine aggregate were used. A superplasticiser (SP) of type-F (W.R.Grace brand) brown coloured aqueous solution without any chloride and with solid content between 40 % and 41 % was used. The dosage of SP was adjusted to obtain the desired workability. Sufficient mixing time was allowed to produce the homogenous concrete. The detailed mix proportions are shown in Table 1 . Locally available deformed bars with yield strength in the ranges of 528 N/mm 2 to 534 N/mm 2 were used as tensile reinforcement. Shear reinforcement consisted of 6 mm and 8 mm diameter mild steel bars with yield strength of 250 N/mm 2 .
EXPERIMENTAL PROGRAM
Nine simply supported reinforced HPC beams were tested under two point loading with a constant moment region. All beams were designed for a shear span (a) to depth ratio of 5.75 with constant effective depth of 200 mm. The clear cover for the tested beams was maintained at 20 mm. Each beam was designated using letters and numbers. The letter 'C' refers to the mix containing cement alone. Similarly the letters 'CS' and 'CSF' refers to the mixes containing cement with silica fume and cement with silica fume and fly ash respectively. The numbers (1, 2 and 3) followed by the letter refers to the percentage of tension reinforcement ratios 1.34 %, 2.10 % and 3.14 %. The compression reinforcement ratio was fixed at about 0.33 for all beams. Typical reinforcement arrangement and geometry of the beam are shown in Fig. (1) .
All the beams were cast in wooden moulds and the companion concrete specimens were cast in standard steel moulds. For each mix, three numbers of 100 mm cubes for compressive strength, two numbers of 150 x 300 mm high cylinders for static modulus of elasticity and three numbers of 100 mm x 100 mm x 500 mm prisms for flexural strength were cast. Compaction was done using 25 mm needle vibrator for beams and vibrating table for companion concrete specimens. The beams and the companion concrete specimens were demoulded after 24 hours and were cured with wet hessian (spraying the water twice a day, similar to site curing being practiced in Malaysia) for 6 days. After that, the specimens were air-cured with relative humidity of 74-88% and ambient temperature 25±3°C until the age of testing.
The beams were instrumented with the LVDT (linear voltage displacement transducers) at mid-span to observe the deflection. Electrical strain gauges (PL-60) were used to measure the concrete strain at the surface in the pure bending region. Steel strains were measured using FLK 6-11 gauges with active grid length of 6 mm. The steel strain gauges were covered with silicone gel to prevent accidental damage during casting. The crack width measurements were made using a hand-held microscope magnification of X 40 with an accuracy of 0.02 mm. The end rotation was measured using digital theodolite with an accuracy of one second. The theodolite was positioned over the beam support (100 mm from end face of beam) and the graduated staff was fixed at a predetermined distance to enable the vertical readings. Apart from this, a curvature meter was devised in this study using steel frame connected with LVDT's to measure the curvature in the pure bending region. The loading rate was maintained at a rate of 0.5 mm/min until the specimen failed. Strains and deflection readings were recorded automatically using data logger during the test. Typical loading arrangement for the test beam is shown in Fig. (2) .
TEST RESULTS AND DISCUSSIONS

Mechanical Properties
Structural properties such as compressive strength (f cu ), flexural strength (f r ) and static modulus of elasticity (E c ) of the companion concrete specimens were tested at the same testing age of beams. Testing of companion concrete specimens was carried out in accordance with British Standards. Table 2 summarises the results of mechanical properties of the companion concrete specimens and reinforcement details of tested beams. The compressive strength of the mixes C, 3 , compared with mix C the compressive strength increased was only about 5.5 %. This was possibly due to incomplete hydration since self-dessciation takes place [19] .
The flexural strength of the tested prisms was about 2.98 and 3.42 N/mm 2 . It was seen from the results that the sandstone brittleness was well related to the flexural strength of the concrete. Furthermore, the excess total fines content led to brittleness of the concrete, thereby reducing the flexural strength of concrete. In general, the modulus of elasticity of HPC was in the range between 3.1x10 4 MPa to 4.8x10 4 N/mm 2 or even more. But for the HPC using sandstone aggregate, the modulus of elasticity was approximately 10% lower than that of other reported studies [13] [14] [15] [16] [20] [21] [22] [23] . This may be due to the existing cracks and pores in the sandstone aggregate causing nonlinear behaviour of concrete at low stress level [3] .
Concrete with high compressive strength and low modulus of elasticity have shown the loss in stiffness due to the existing microcracks in aggregate, that become closed during compressive loading. Others also obtained similar results for sandstone concrete [3, 24] . The modulus of elasticity of the mixes CS and CSF is slightly higher than that of the mix C. Admission of silica fume and sandstone mineral fines increased the densification of concrete as reported [25] . Thus, the modulus of elasticity substantially increased thereby lowering the strain under compression.
Ultimate Moments
The predicted ultimate moment (M u ) was calculated based on BS 8110 [26] and ACI 318 [27] , named M ult, BS 8110 and M ult, ACI respectively. The predicted ultimate moments and the experimental yielding and ultimate moments (M u, expt ) are shown in Table 3 . At ultimate stage, the flexural strength of the beams using sandstone aggregate showed similar trend compared with other aggregates. The porosity of sandstone aggregates leads to better bond with binder. Also the sandstone aggregate allows the stress to be more uniformly distributed thereby causing the whole section contributing to strength [3] . It was pointed out by Neville [28] that the chemical interaction between siliceous aggregate and cement matrix can result in strong bonds thus increasing the strength. It was found that the beams with higher reinforcement ratio were stiffer at higher load. This may be because of the increased flexural rigidity as the concrete was confined with reinforcement. The M u, expt was found to be 14 to 34% and 3 to 15% higher than the M u based on the design codes BS 8110 [26] and ACI 318 [27] respectively. Compared to BS 8110 code provisions, the ACI code provisions give a reasonable conservative estimate. The trend in this study is similar with other findings [13] [14] [15] [16] .
Deflection Characteristics
The observed experimental mid-span deflection under service load was compared with deflection evaluated from BS 8110 [26] and ACI 318 [27] . The service load was taken as the experimental ultimate load divided by 1.7 based on ref [13] . The test results and predicted values at service load are analysed in Table 4 . It was found that the effect of the compressive strength of concrete was more dominant than the effect of the steel reinforcement ratio. Higher the compressive strength lower was the deflection and higher the reinforcement ratio higher was the deflection.
The deflection at service load for the beam C was slightly higher than that of beam CS and beam CSF. The crushed stone fillers weakened the frontier zones between the brittle material components [29] . The weaker bond in the transition zone allowed cracks around the aggregates with better energy dissipation, and the failure under compression did not react so explosively. Also addition of high reactivity pozzolans like silica fume in concrete improved the interfacial zone. In consequence, the brittleness of the concrete increased [24] . The reduction of the amount of pozzolan or the application of a less reactive pozzolan like fly ash could increase the ductility as observed. It was understood from the results that substitution of crushed sandstone aggregates with sandstone fillers in HPC exhibited ductile behaviour.
At given concrete strength, a sudden increase in deflection was observed just prior to failure for the beams C1, CS1 and CSF1. This may be because the steel was beginning to yield and ultimately the beams reached their maximum load capacity. However, the beams with low tensile reinforcement ratio underwent relatively more deflections compared to beams with higher ratio. It indicated that increasing reinforcement ratio decreases deflection ductility. In other words greater ductility can be achieved with lesser reinforcement ratio. However, this result is similar to other findings [30] .
The average ratio of experimental deflection to the predicted deflection was found to be 1.11 and 1.18 based on BS 8110 [26] and ACI 318 [27] respectively. From the analysis, it was found that there is a close agreement between predicted and experimental deflections. However, it was shown by Rashid and Mansur [13] that the inclusion of associated shrinkage and creep effect dramatically improved the predicted values based on BS 8110 [26] and ACI 318 [27] has limited the total deflection to span/250 including the effects of creep and shrinkage. However, the denominator observed under service load was in the range from 188 to 240. These measured deflections were based on short term loading and did not allow any time dependent increase due to shrinkage and creep [13, 14] . Also, the effect of aggregate porosity decreased the tensile stiffness of concrete and probably increased the deflection. Table 5 gives the measured crack width (interpolated values) at the service load and the crack width calculated based on codes BS 8110 [26] and ACI 318 [27] . The maximum crack width observed at service load varied from 0.15 mm to 0.24 mm and it is well within the durability requirements as per BS 8110 [26] and ACI 318 [27] . Analyzed results showed that both codes overestimated the crack width at the center of the tensile reinforcement level. The equations recommended in both codes are too sensitive to concrete cover. Any variation in concrete cover leads too much greater increase in crack width. As observed, all the beams Normally, the reinforcement ratios significantly control the crack width for flexural members. The results here showed that the aggregate-mortar matrix strongly influences the crack width. Although the chemical interaction between the reactive aggregate and binder may result in stronger bond, the porosity of the aggregate forms a weaker link in the interfacial transition zone. As a result, the cracks were developed in the interface around the aggregates-mortar. However, because of the addition of silica fume and fly ash, the interaction between the reactive aggregates and mortar in the interface zone becomes stronger [25, 31] . In consequence, the cracks pass through the aggregate. It is quite clear from the results that the crack width shown increased with rougher surfaces and decreased with stronger mortars.
Cracking Behaviour
Generally, the risk of crack formation in HPC with low ductility is high. At given strength, the increase in tensile reinforcement ratio in the beam C showed only little difference. In the beam CSF, as the reinforcement ratio increased the crack width gradually reduced. For the same reinforcement ratio, the beam CS1 showed less crack width compared to beam C1. As a result of addition of silica fume, the concrete became more brittle and increased the total cracks as shown in Table 6 . In consequence, the crack width varied significantly.
Characteristics of Crack Spacing and Crack Height
Formation of cracks and crack characteristics are an important indication about how the flexural members would behave at service loads. Table 6 summarises the results of crack characteristics between the loaded points and in the span. The theoretical crack spacing (S rm, calcu. ) was calculated according to CEB-EC2 equation [15] and the ratio to the average experimental crack spacing (S rm, expt ) is shown in Table 6 . The crack height at middle of beam gradually decreased with the increased amount of tensile reinforcement. At failure, the flexural cracks penetrated the compression zone and reached the crushing zone of the beam. The average depth of crushed concrete was found to vary between 20-55 mm for different tensile reinforcement ratios. The maximum and minimum crack spacing between the loaded points varied from 140 to 215 mm and 25 to 65 mm respectively for all the beams. The ratio of S rm, expt to S rm, calcu were found to be 0.99 to 1.21 and it reasonably agrees with the experimental values. It is confirmed that aggregate-mortar matrix in the transition zone influences the maximum and minimum crack spacing.
The porosities appearing in sandstone develop better bond and therefore less numbers of cracks in the beam C. The numbers of cracks in the beams CS and CSF were more, probably due to incomplete hydration of mineral admixtures, especially fly ash at early age. Hwang et al., [32] reported that silica fume decreased the bond strength in high performance concrete with a ratio of water-cementitious materials in the range of 0.28 to 0.33. This is in agreement with the tested beams. This result suggests that structural members made with higher fines were more brittle and lost the bond strength gradually at applied load. Table 7 gives the experimental moment at crack (M cr , expt ) and the predicted cracking moment (M cr , theo ). The obtained ratio of the M cr , theo to the corresponding M cr , expt was varied from 1.02 to 2.41. It was pointed out by many authors that the reactive aggregate in concrete has much more detrimental effect on the mechanical properties of concrete than the structural behavior of reinforced concrete beams. However, Koyangi et al., [33] demonstrated that the concrete using reactive aggregate with tensile reinforcement ratio exceeding 2% experienced nearly twice the cracking loads of unaffected concrete. This may be due to the internal restraint caused by the tensile reinforcement in the reinforced concrete beams. Probably this may be the reason for variation in cracking moment. However, more data on flexural behavior using sandstone aggregate are needed to clarify this discussion.
Cracking Moment and Cracking Moment of Inertia
The experimental moment of inertia I cr , expt1 and I cr , expt2 were calculated based on equation shown in Ref [16] . The calculation of I cr , expt1 depends on deflection corresponding to the load that causes yielding in the steel reinforcement. Similarly, I cr , expt2 can be defined as the slope of the initial yielding of tensile reinforcement in the moment-curvature curve. Differences in values of I cr , expt1 and I cr , expt2 are expected due to the variation in deflection and curvature distribution along the beam ( Table 8 ). The theoretical moment of inertia I cr , theo is based on the traditional approach using cracked transformed section. The calculated values of I cr , expt1 , I cr , expt2 and I cr , theo are given in Table 7 .
The result shows that the I cr , theo is 10 to 22% higher compared with I cr , expt1 . The trend observed from results was that the I cr , theo increased (expect for beams CS3 and CSF3) as the deflection at yield ( y ) decreased. This result suggests that the loss of stiffness caused by sandstone aggregate greatly influenced the moment of inertia. However, the I cr based on moment-curvature is in reasonable agreement with theoretical I cr . As mentioned earlier, this may be because the detrimental effect caused by aggregate in concrete was compensated with the tensile reinforcement.
Ductility Indexes
The term ductility is defined as the ability of the material or member to sustain deformation beyond the elastic limit, while maintaining a reasonable load-carrying capacity before total collapse. Ductility is measured by the ratio called ductility index (μ) and it is usually expressed as a ratio of deflection ( ), and curvature ( ) at ultimate to the corresponding property at yield [16, 34] . The yield and ultimate values of deflection and curvature were obtained from the curves of load vs deflection and load vs curvature. Table 8 presents the values of deflection ductility (μ ) and curvature ductility (μ ). At given concrete strength, the deflection ductility decreased as the tensile reinforcement ratio increased. The observed deflection ductility in this study was between 1.16 and 2.29.
In general, the deflection ductility in the range of 3 to 5 is considered imperative for adequate ductility [16] . However, tested beam results showed that the deflection ductility was inadequate to redistribute the moment. Increasing compressive reinforcement ratio would be more beneficial to obtain adequate ductility.
The curvature ductility demands the plastic hinge mechanism by limiting the amount of tension and compression reinforcement. Park and Ruitong [35] pointed out that for flexural members to ensure general design requirements, the curvature ductility should be greater than 2 and the requirements to ensure for moment redistribution should be greater than 4. Also the same authors reported that the curvature ductility decreased as the tension reinforcement ( ) increased and compression reinforcement ( ') decreased. Since ' is fixed for all beams, the increase or decrease in curvature ductility with respect to ' is not considered for discussions. The observed curvature ductility was between 1.21 and 3.51. The results showed that, curvature ductility decreased as the tensile reinforcement increased. However, the effect of aggregate porosity may change curvature ductility significantly. It was found that the ductility increased with aggregate porosity and decreased with stronger mortar, especially silica fume in the beam CS. At low tensile reinforcement ratio (1.34 %) the tested beams showed adequate curvature ductility. The same trend was also reported by Chien et al. [36] .
The average values of end rotations of the tested beams just prior to failure varied from 1° 41 24 to 2° 26 24 as shown in Table 8 . Test results showed that the tensile reinforcement and the mineral admixtures in concrete reduced the end rotation before crack development. Lower the end rotation better was the flexural rigidity. It was pointed out by Elbardy and Ghali [37] that the rigidity of a member depended on the tension stiffening of concrete. Also they pointed out that the end rotation gradually decreased with an appearance of cracks until cracking reached a stabilized pattern.
Neutral Axis and Strain
Neutral axis (NA) depth was obtained from the strain distribution, which was measured experimentally at the compression concrete and at the tension reinforcement. The ratio of experimental NA (x/d expt ) to the predicted NA (x max /d) (the value 0.5 was taken as x max / d as recommended in BS 8110 [26] at ultimate limit state) were analysed and presented in Table 9 . It was shown from test results that for a given concrete strength, the neutral axis depth increased as tensile reinforcement ratio increased. The lower reinforcement ratio ensured that the depth of NA was lower leading to ductile failure. The NA moved nearer to the top of beam with an increase in compressive strength of concrete as observed in this study. This trend was similar to other reported studies on beams using concrete compressive strength greater than 50 N/mm 2 [38] .
The recorded strains of compressive concrete and tensile steel were in the range of 2565 to 5328 μs and 4769 to 6885 μs (micro strain) respectively. These values were relatively higher when compared with HPC using nonreactive aggregates [35] . As mentioned earlier, the high porosity sandstone resulted in the distinct concavity of the deformation curves at low stress levels and in strain hardening as the level of stress increased. The mineralogy and texture of sandstone may also have influenced the elastic modulus and may have played a certain role on the observed nonlinear behaviour of strains [3] . Swamy et al [17] pointed out that the reactive aggregate in singly reinforced concrete beam caused high differential expansion between top and bottom fibers and led to increased strains. 
